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Abstract
Functional split is a promising technique to flexibly balance the processing cost at remote ends and
the fronthaul rate in cloud radio access networks (C-RAN). By harvesting renewable energy, remote
radio units (RRUs) can save grid power and be flexibly deployed. However, the randomness of energy
arrival poses a major design challenge. To maximize the throughput under the average fronthaul rate
constraint in C-RAN with renewable powered RRUs, we first study the offline problem of selecting the
optimal functional split modes and the corresponding durations, jointly with the transmission power.
We find that between successive energy arrivals, at most two functional split modes should be selected.
Then the optimal online problem is formulated as an Markov decision process (MDP). To deal with the
curse of dimensionality of solving MDP, we further analyze the special case with one instance of energy
arrival and two candidate functional split modes as inspired by the offline solution, and then a heuristic
online policy is proposed. Numerical results show that with flexible functional split, the throughput
can be significantly improved compared with fixed functional split. Also, the proposed heuristic online
policy has similar performance with the optimal online one, as validated by simulations.
Index Terms
Functional split, energy harvesting, cloud radio access network (C-RAN), fronthaul, Markov deci-
sion process (MDP).
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Fig. 1. Illustration of baseband functions with multiple candidate split modes.
I. INTRODUCTION
Cloud radio access network (C-RAN) [2], which centralizes the baseband functions at the
baseband units (BBUs), can efficiently reduce the complexity of the remote radio units (RRUs),
and thus the operation and deployment costs. Centralized baseband processing also enables
efficient cooperative signal processing to increase the network capacity. In C-RAN, the fronthaul
network transports the baseband signals between the BBUs and the RRUs. However, for fully
centralized C-RAN, i.e., all baseband functions are centralized at the BBUs, the fronthaul rate
requirement is high, which poses a major design challenge on C-RAN. For example, in a single
20MHz LTE antenna-carrier system, 1Gbps fronthaul rate is required with the standard CPRI
interface [3]. To support massive MIMO and other emerging technologies, the required fronthaul
rate will be too high to bear.
Different from fully centralized C-RAN, by placing some baseband and network functions at
RRUs, functional split is a promising technique to reduce the fronthaul rate requirement [4], [5].
There are multiple candidate functional split modes corresponding to different split points on the
chain of baseband functions, as illustrated in Fig. 1. For each mode, the functions placed at the
right side of the corresponding vertical dashed line are placed at the RRU, while the others are
centralized at the BBU. The fronthaul rate requirement and processing complexity requirement at
the RRUs vary, under different functional split modes. In general, with more baseband functions
at the RRUs, the required fronthaul rate is lower, but the processing complexity is higher [6],
[7], which also means more energy consumption at the RRUs. With certain functional split
modes, for example, split between the physical layer and the MAC layer, the required fronthaul
rate depends on the traffic load, and thus exploiting the fronthaul statistical multiplexing gain
can further reduce the fronthaul rate requirement [8], [9]. With the development of software
defined network (SDN) and network function virtualization (NFV), baseband functions can be
3virtualized and implemented on the general purpose computation platforms [10], [11]. As a
result, the functions placed at the RRUs and the BBUs can be reconfigured according to the
network state [12], [13].
By harvesting renewable energy from the environment, the RRUs are able to consume less or
no energy from the power grid [14]–[16]. Another benefit is that the RRUs can be flexibly
deployed at the places where the grid does not reach. However, reliable communication is
challenging due to the randomness of renewable energy arrivals and the limitation of batteries,
and thus the operation of RRUs should be well managed [17]. In terms of power control,
different from conventional “water-filling”, the throughput-optimal “directional water-filling”
power control policy is found in a fading energy harvesting channel [18], where the “water”, i.e.,
the energy, can only flow from the past to the future. If the processing energy consumption is
considered, the throughput-optimal transmission policy should become bursts, a “glue pouring”
power control policy is proved to be optimal when there is only one energy arrival and no
transmission deadline [19]. The burst transmission is due to the fact that more processing energy
is consumed with longer transmission time. For energy harvesting system with processing cost
and multiple energy arrivals, a “directional backward glue-pouring” algorithm is proposed in
[20].
There are some recent works on the flexible functional split mode selection in energy harvest-
ing C-RAN systems. The grid power consumption and system outage rate are jointly studied by
optimizing the offline placement of baseband functions, where the small base station is powered
by renewable energy and the macro base station is powered by the grid [21]. Reinforcement
learning based online placement of functional split options is studied in [22] for efficient
utilization of the harvested energy, where the small cell is powered by renewable power with
flexible functional split modes. To improve energy efficiency and throughput, RRU active/sleep
mode and functional split mode selection in the energy harvesting C-RAN are determined
according to the renewable energy levels and the number of users in the covering area of the
RRU [23]. However, to the best of our knowledge, the joint optimization of power control and
flexible functional split mode selection has not been considered yet.
If the functional split mode is fixed in the energy harvesting communication system, the
processing power is a constant, and thus “directional backward glue-pouring” algorithm [20]
can be used to find the optimal power control policy. However, it is expensive and sometimes
difficult to deploy fibers between the RRUs and the BBUs, and thus wireless fronthaul may be
4used as a low cost solution [24]. Especially for RRUs powered by energy harvesting, they in
general have no wired connection neither for power supply nor for fronthaul. In this case, flexible
functional split is necessary, due to not only the fronthauling overhead brought by the wireless
fronthaul, but also the unstable renewable energy supply. To this end, there are more than one
candidate functional split modes, with different processing costs, and thus existing schemes like
“directional backward glue-pouring” no longer apply. Functional split can tradeoff between the
baseband processing complexity of RRUs and the fronthaul data rate requirement. In general,
with more baseband functions at the RRU, the baseband processing complexity is higher, but
the required fronthaul data rate is lower. Conversely, with more baseband functions at the RRU,
the baseband processing power is lower, but the required fronthaul data rate is higher. This calls
for new mechanisms that can determine the optimal functional split with the joint consideration
of fronthaul properties and renewable energy arrivals.
In this paper, we study the selection of the functional split modes and power control policy
for an energy harvesting RRU in C-RAN. We first consider the offline case, where the energy
arrivals and the channel fading are non-causally known in advance. The functional split is jointly
determined with the corresponding user data transmission duration and transmission power, and
the objective is to maximize the throughput, while satisfying the energy and the average fronthaul
rate constraints. For the optimal offline policy, we find that in each interval between successive
energy arrivals, at most two modes are selected, the transmission power of the modes are the
same for each channel fading block. We further analyze the scenarios with only one instance
of energy arrival and two alternative functional split modes, and get the closed-from expression
of the transmission power and transmission duration for each split mode, given the average
fronthaul rate constraint. Based on the analysis, we propose a heuristic online policy, where the
future energy arrivals and the channel fading are unknown in advance. Numerical results show
that the heuristic online policy has similar performance with the optimal online policy developed
by solving the Markov decision process (MDP) formulation.
The main contributions of this paper are summarized as follows.
• We jointly optimize the functional split mode selection and power control for an RRU
powered with renewable energy, to maximize the throughput under the average fronthaul
rate constraint and random energy arrival.
• For the offline problem where the energy arrivals and the channel fading are non-causally
known, the throughput maximization problem is formulated and analyzed. We find the
5structure of the optimal solution that at most two functional split modes are selected between
two successive energy arrivals. The online problem where the channel fading are causally
known, is solved by its corresponding MDP formulation through value iteration.
• To deal with the curse of dimensionality in solving an MDP, the closed-form expression
of the transmission power and transmission duration in the special case with one energy
arrival is derived, based on which a low-complexity heuristic online policy is proposed, and
is shown to have near-optimal performance via extensive simulations.
The paper is organized as follows. The system model is described in Section II. The offline
optimization problem is formulated and analyzed in Section III, and the online problem is
introduced and solved by an MDP formulation in Section IV. The expression of optimal power
control policy with one energy arrival, two functional split modes is derived in Section V. A
heuristic online policy is proposed in Section VI. The numerical results are presented in Section
VII. The paper is concluded in Section VIII.
II. SYSTEM MODEL
Consider a two-tier network, where a macro base station (MBS) covers a large area, while
an RRU has small coverage areas within the coverage area of the MBS. The MBS has stable
power supply, while the RRU is powered by renewable energy. The RRU transmits as much data
as possible to the users with the harvested energy, while the remaining data is transmitted via
the MBS. We thus aim to maximize the throughput of the RRU to reduce the traffic load of the
MBS. We consider the downlink transmission from a particular RRU to its users, as described
in Fig. 2(a). Assume that the BBU has sufficient data to transmit to users.
The system is slotted with normalized slot length. Assume that the wireless channel of the
users is block fading, where the channel gain varies every block but remains constant within
one block. Each block has L slots. For each slot, the RRU serves the user with the best channel
state, i.e., the user with the largest channel gain.
We assume that the energy arrives over a larger time granularity than that of the wireless
channel fading [25], [26]. The energy arrival rate stays constant in N blocks, which is denoted
by an epoch. We assume that the energy only arrives at the beginning of each epoch. The
approximation is adopted to analyze the effect of different time scales of energy arrival and
channel fading on the power control policy. As illustrated in Fig. 2(b), Em units of energy arrives
at the beginning of the m-th epoch. The arrived energy is stored in a battery with capacity Bmax
6BBU
RRU
User
Solar panel
Fronthaul
(a)
1
E
3
E
1 1
g ˈ 1,2g 2,1g 2,2g
(b)
2
E
Fig. 2. Illustration of C-RAN with renewable energy powered RRU. (a) C-RAN system with renewable energy powered RRU.
(b) Energy arrival and channel fading with different time scale.
before it is used. Without loss of generality, we assume that Em ≤ Bmax, i.e., the amount of
arrived energy is at most Bmax. There is no initial energy in the battery, i.e., the battery is empty
before the first epoch. For the n-th block of epoch m, the maximum channel gain of the users
is denoted as γm,n, which corresponds to the modulation and coding scheme (MCS) with the
highest transmission rate, that the channel gain can support. Note that γm,n is measured when
the reference transmit power is 1W.
For the scenario with multiple carriers, we assume that all carriers are used for transmission
at the same time and have the same transmission power. If there are C carriers, the channel gain
of carrier c in the n-th block of epoch m is denoted by γm,n,c. The spectrum efficiency is
1
C
C∑
c=1
log (1 + γm,n,cp) =
1
C
log
(
C∏
c=1
(1 + γm,n,cp)
)
(1)
= log
 C
√√√√ C∏
c=1
(1 + γm,n,cp)
 ≈ log
1 + C
√√√√ C∏
c=1
γm,n,cp
 . (2)
where p is the transmission power. In the optimal power control policy, blocks with good channel
states are used for transmission, and the transmission power should be large enough due to the
baseband processing power. The values of γm,n,cp should be large, and thus the approximation is
accurate. We now get the approximated channel gain in each block, i.e., γm,n =
C
√∏C
c=1 γm,n,c,
and the problem with multiple carries can be approximated as scenarios with single carrier. We
thus explore the scenario with single carrier in the remaining part of this paper.
The RRU can be configured with X candidate functional split modes. In each block, one
or more functional split modes can be selected, but at most one functional split mode can be
7selected at any slot. In the n-th block of epoch m, the number of slots that functional split mode
x is selected is denoted by θm,n,x. Note that θm,n,x = 0 means that mode x is not selected in
the n-th block of epoch m. During one block, the total number of slots used for transmission
of the X modes should satisfy
∑X
x=1 θm,n,x ≤ L, where L is number of slots in each block.
The transmission power with mode x in each block should be constant, denoted by pm,n,x. The
maximum transmission power is Pmax, i.e., 0 ≤ pm,n,x ≤ Pmax. The processing power of mode x
is denoted by εk, and the fronthaul rate requirement is denoted by Rx. The processing power εk
and fronthaul rate requirement Rx are related to the MCS [7], and thus related to the transmission
power, which makes the problem difficult to analyze. To simplify the problem, we assume that
for each functional split mode x, the processing power εk and fronthaul rate requirement Rx are
constant, which correspond to the MCS with the maximum transmission power Pmax. Also for
the overhead of fronthaul, the average fronthaul rate is constrained to be no more than a given
threshold D. As the downlink scenario is considered, the energy consumption of the fronthaul
happens at the BBU. The RRU only consumes energy when it is transmitting data to the users.
In this case, θm,n,x log(1 + γm,npm,n,x) bits of data are transmitted to the users with energy
consumption θm,n,x(pm,n,x + εx) in the n-th block of epoch m with mode x.
For scenarios with multiple RRUs, if RRUs are self-powered and there is no cooperative
transmission, the functional split selection and power control can be done separately at each
RRU while treating the signals of other RRUs on the same frequency as noise. As for the
scenario with cooperative transmission, we need to further optimize the precoding, and each
RRU has its own energy constraints. However, due to the wireless fronthaul implementation and
much more complex fronthaul topology, fronthaul sharing and and multiplexing gain should be
further considered. Scenarios with cooperative transmission and fronthaul resource management
are left as future work.
III. MAXIMIZING THE THROUGHPUT
We consider the offline throughput maximization problem over a finite time of M epochs.
Due to the causality constraints, the energy that has not arrived can not be used, we have
mˆ∑
m=1
N∑
n=1
X∑
x=1
θm,n,x(pm,n,x + εx) ≤
mˆ∑
m=1
Em, mˆ = 1, 2, ...,M, (3)
8note that
∑N
n=1
∑X
x=1 θm,n,x(pm,n,x + εx) is the energy consumed in epoch m. There may be
energy waste due to the limited battery size when the maximum transmit power is limited, which
makes the energy constraints difficult to express. We thus ignore the maximum transmit power
constraint when establishing the offline throughput maximization problem, and then approximate
the transmit power that is larger than Pmax as Pmax in the optimal solution of the problem. As
the energy in the battery at any time can not exceed the battery capacity, at the beginning of
epoch m, at which time the battery has the most energy in epoch m, there should be
mˆ+1∑
m=1
Em −
mˆ∑
m=1
N∑
n=1
X∑
x=1
θm,n,x(pm,n,x + εx) ≤ Bmax, mˆ = 1, 2, ...,M − 1. (4)
Denoted by αm,n,x = θm,n,xpm,n,x, which is the energy consumed by the radio transmission in
the n-th block of epoch m with mode x, the optimization problem can be formulated as
max
θm,n,x,αm,n,x
M∑
m=1
N∑
n=1
X∑
x=1
θm,n,x log(1 + γm,n
αm,n,x
θm,n,x
) (5)
s.t.
1
MNL
M∑
m=1
N∑
n=1
K∑
k=1
θm,n,kRk ≤ D, (6)
mˆ∑
m=1
N∑
n=1
X∑
x=1
(αm,n,x + εxθm,n,x) ≤
mˆ∑
m=1
Em, 1 ≤ mˆ ≤M (7)
mˆ+1∑
m=1
Em −
mˆ∑
m=1
N∑
n=1
K∑
k=1
(αm,n,k + εkθm,n,k) ≤ Bmax, 1 ≤ mˆ ≤M − 1 (8)
X∑
x=1
θm,n,x ≤ L, ∀m,n (9)
αm,n,x ≥ 0, θm,n,x ≥ 0, ∀m,n, x (10)
where Eq. (6) is the constraint of the average fronthaul rate, and Eq. (9) is the constraint of the
block length. Note that the functional split mode is included in the optimization of αm,n,x, i.e.,
αm,n,x > 0 means that mode x is selected in the n-th block of epoch m, otherwise mode x is not
selected. Note that we can treat the number of slots θm,n,x as a continuous variable in the first
place, in which case the complexity of solving the optimization problem can be greatly reduced,
and some intuitive results can be given, while at the same time the effect on the throughput is
small after approximating θm,n,x into an integer when L is large. As the optimization objective
in Eq. (5) is convex, and the constraints are linear, this is a convex problem. With Lagrangian
9multiplier method, we are able to get the following structure of the optimal solution.
Proposition 1. In the n-th block of epoch m, during which the channel gain stays constant, the
optimal transmission power pm,n,x of the selected modes are the same for any mode x in the
optimal solution.
Proof. The Lagrangian with φ ≥ 0, µmˆ ≥ 0, νmˆ ≥ 0, τm,n ≥ 0, ηm,n,x ≥ 0 and ξm,n,x ≥ 0 can
be written as
L =
M∑
m=1
N∑
n=1
X∑
x=1
θm,n,x log(1 + γm,n
αm,n,x
θm,n,x
)− φ
(
1
MNL
M∑
m=1
N∑
n=1
X∑
x=1
θm,n,xRx −D
)
−
M∑
mˆ=1
µmˆ
[
mˆ∑
m=1
N∑
n=1
X∑
x=1
(αm,n,x + εxθm,n,x)−
mˆ∑
m=1
Em
]
−
M−1∑
mˆ=1
νmˆ
[
mˆ+1∑
m=1
Em −
mˆ∑
m=1
N∑
n=1
X∑
x=1
(αm,n,x + εxθm,n,x)−Bmax
]
−
M∑
m=1
N∑
n=1
τm,n
(
X∑
x=1
θm,n,x − L
)
(11)
+
M∑
m=1
N∑
n=1
X∑
x=1
ηm,n,xαm,n,x +
M∑
m=1
N∑
n=1
X∑
x=1
ξm,n,xθm,n,x (12)
Taking derivatives with respect to αm,n,x and θm,n,x , there should be
∂L
∂αm,n,x
=
γm,nθm,n,x
θm,n,x + γm,nαm,n,x
−
M∑
mˆ=m
µmˆ +
M−1∑
mˆ=m
νmˆ + ηm,n,x, (13)
∂L
∂θm,n,x
= log(1 + γm,n
αm,n,x
θm,n,x
)− γm,nαm,n,x
θm,n,x + γm,nαm,n,x
− φ
MNL
Rx −
M∑
mˆ=m
µmˆεx
+
M−1∑
mˆ=m
νmˆεx − τm,n + ξm,n,x (14)
If mode x is selected in the n-th block of epoch m, we have αm,n,x > 0, with the complementary
slackness condition ηm,n,xαm,n,x = 0, we have ηm,n,x = 0. According to (13), let ∂L∂αm,n,x = 0,
γm,nθm,n,x
θm,n,x + γm,nαm,n,x
=
M∑
mˆ=m
µmˆ −
M−1∑
mˆ=m
νmˆ, (15)
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i.e., for ∀n and ∀x, the transmit power pm,n,x can be expressed as
pm,n,x =
1∑M
mˆ=m µmˆ −
∑M−1
mˆ=m νmˆ
− 1
γm,n
. (16)
The values of pm,n,x are the same for any selected mode x in the n-th block of epoch m.
Proposition 1 reveals that in one block, the transmission power with different functional modes
are the same. Further more, we can find that the sum of the transmit power pm,n,x and the
reciprocal of the channel gain 1
γm,n
are the same for any selected mode x and block n in epoch
m according to Eq. (16).
Proposition 2. In each epoch, i.e., the duration between successive energy arrivals, the optimal
functional split mode selection policy satisfies that at most two functional split modes are selected.
Proof. Denoted by p∗m,n the optimal transmission power in the n-th block of epoch m, and
the corresponding transmission duration with functional split mode x is θ∗m,n,x. The baseband
data amount transmitted via fronthaul in epoch m is defined as F ∗m, which can be expressed as
F ∗m =
∑N
n=1
∑X
x=1 θ
∗
m,n,xRx. The number of slots used for transmission in block n is defined as
θblockm,n , i.e., θ
block
m,n =
∑X
x=1 θ
∗
m,n,x. Given θ
block
m,n and p
∗
m,n, the throughput and the energy consumed
by radio transmissions are fixed. The transmission duration θ∗m,n,x should be an optimal solution
of the following subproblem:
min
θm,n,x
N∑
n=1
X∑
x=1
θm,n,xx
s.t.
N∑
n=1
X∑
x=1
θm,n,xRx = F
∗
m,
X∑
x=1
θm,n,x = θ
block
m,n , ∀n
θm,n,x ≥ 0, (17)
where the optimization objective
∑N
n=1
∑X
x=1 θm,n,xx is the energy consumed by baseband
processing, which means that with transmission duration θ∗m,n,x, the least energy is consumed by
baseband processing, i.e., we aim to minimize the energy consumption while guaranteeing the
transmission time and average fronthaul rate constraint. The number of slots used to transmit in
epoch m is defined as θepochm , where θ
epoch
m =
∑N
n=1 θ
block
m,n . We consider the constraints of the total
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transmission duration in each epoch, instead of the constraint of the total transmission duration
in each block, the subproblem can be relaxed as:
min
θm,n,x
N∑
n=1
X∑
x=1
θm,n,xx
s.t.
N∑
n=1
X∑
x=1
θm,n,xRx = F
∗
m,
N∑
n=1
X∑
x=1
θm,n,x = θ
epoch
m ,
θm,n,x ≥ 0. (18)
In epoch m, the energy consumed by baseband processing and the amount of data transmitted
via fronthaul are only related to the total transmission duration of each mode, i.e., θˆmodex =∑N
n=1 θm,n,x. For any optimal solution of the relaxed subproblem, we can find an equivalent
solution of the subproblem, and thus the optimal solution of the subproblem is also the optimal
solution of the relaxed subproblem. The Lagrangian of the relaxed subproblem is
Z =
N∑
n=1
X∑
x=1
θm,n,xx − ρ
(
N∑
n=1
X∑
x=1
θm,n,xRx − F ∗m
)
− υ
(
N∑
n=1
X∑
x=1
θm,n,x − θ∗m
)
+
N∑
n=1
X∑
x=1
ψn,xθm,n,x (19)
Taking derivatives with respect to θm,n,x, we have ∂Z∂θm,n,x = x − ρRx − υ + ψn,x. If mode x
is selected in the n-th block of epoch m, we have θm,n,x > 0 according to the complementary
slackness condition that ψn,xθm,n,x = 0, we have ψn,x = 0. Let ∂Z∂θm,n,x = 0, there should be
x− ρRx−υ = 0. If more than two functional split modes are selected, assume that the number
of selected functional split modes is Z, and the selected modes are xz for 1 ≤ z ≤ Z. The
following equations should have solution
x1 − ρRx1 −υ = 0
x2 − ρRx2 −υ = 0
...
xZ − ρRxZ −υ = 0
(20)
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Note that the formulation (20) has solution only when Z ≤ 2, or Rx and x satisfies that
x2 − x1
Rx1 −Rx2
=
x3 − x1
Rx1 −Rx3
, (21)
for any 3 selected modes, which is a trivial scenario that can be ignored, and thus at most two
functional split modes can be selected at each epoch.
The solution obtained with continuous transmission duration is denoted by ‘upper bound’. We
now introduce how to round the ‘upper bound’ into integer transmission duration. Slots with
good channel states are used for transmission. The number of slots used for transmission with
functional split mode x in block n is denoted by θˆblockn,x , with the corresponding transmission
power pm,n,x, the energy used for transmission is ETx =
∑N
n=1 θˆ
block
n,x pm,n,x. The energy used
for baseband processing is EBx =
∑N
n=1 θˆ
block
n,x x, where x is the baseband processing power.
Number of slots used for transmission of each selected functional split mode is rounded into
integer, denoted by θ˜blockn,x . Besides the baseband processing energy, i.e., E˜
B
x =
∑N
n=1 θ˜
block
n,x x,
the energy used for transmission is E˜Tx = E
B
x + E
T
x − E˜Bx . The transmission power of each slot
after rounding is then calculated according to Proposition 1, with the constraints of the total
transmission energy E˜Tx .
According to Proposition 2, we conclude that at most two functional split modes are selected
in one epoch, which means that the functional split mode selection can be determined at the
time scale of energy arrival, rather than at the time scale of channel fading. In this sense, the
switching of functional split mode can be done in a large time scale. The switching of functional
split mode can be implemented by activating and deactivating functions in RRUs and BBU when
RRUs and BBU are constructed by using container technologies, the introduced delay (less than
millisecond [23]) and energy can be neglected.
IV. OPTIMAL ONLINE POLICY
For the online policy, only the causal (past and present ) energy states and channel states are
known at the RRU. To find the optimal online policy, we formulate the online problem as an MDP.
The channel gain varies at the beginning of each block, and each block has L slots. The beginning
of the (n+1)-th block is the (nL+1)-th slot. The channel gain is modeled as a Markov chain with
G states, and the channel gain of state g is Γg. The transition probability from state g1 to state
g2 at the beginning of the (n+ 1)-th block is denoted as pg1,g2 = Pr{γnL+1 = Γg2|γnL = Γg1}.
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The energy arrives once an epoch. We assume that the energy arrives at the beginning of
each epoch. An epoch has N blocks, i.e., NL slots. The energy arrival is modeled as a finite
state Markov chain with Emax states, and the arrived energy amount with state e is Ae. The
transition probability from state e1 to state e2 at the beginning of the (m + 1)-th epoch is
qe1,e2 = Pr{EmNL+1 = Ae2|E(m−1)NL+1 = Ae1}. The arrived energy is stored in a battery with
capacity Bmax before it is used. The transmission power in slot k is denoted as Pk. Denoted by
xk the functional split mode selected in slot k, the baseband processing power is xk .
The energy is consumed only when the RRU transmits data to the users, i.e., when Pk > 0,
the state of energy in the battery Bk is updated as
Bk+1 =
{
min{Bk + Ek − xk − Pk, Bmax}, Pk > 0
min{Bk + Ek, Bmax}, Pk = 0
To simplify the expression, we introduce a new variable, defined as
δk =
{
1, Pk > 0 (23a)
0, Pk = 0 (23b)
then the battery state is updated as
Bk+1 = min{Bk + Ek − δk(xk + Pk), Bmax}. (24)
The system state is
sk = (Bk, Ek, Yk, γk, nk, lk), (25)
where Bk is the state of energy available in the battery, Ek is the energy arrived in stage k, Yk
records the energy arrival rate of the current epoch, γk is the channel gain, nk indicates how
many blocks the current epoch has lasted, lk indicates how many slots the current block has
lasted. The state transition probability is
Pr{sk+1|sk, Pk, xk} =Pr{Bk+1|Bk, Pk, Ek, xk}Pr{Ek+1|Yk, Ek, nk, lk}×
Pr{Yk+1|Yk, Ek, nk, lk}Pr{nk+1|nk, lk}Pr{γk+1|γk, lk}Pr{lk+1|lk} (26)
The value of nk varies at the beginning of each block, and the state transition is described in
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Fig. 3. Illustration of state transitions: (a) state transition of (nk, lk) when N=2 and L=2; (b) state transition of (γk, lk) when
G=2 and L=2; (c) state transition of (Ek, Yk, nk, lk) when Emax=2, N=2 and L=2.
Fig. 3(a). The transition probability of nk is expressed as
Pr{nk+1|nk, lk} =

1, if nk+1 = mod(nk, N) + 1, lk = L
1, if nk+1 = nk, lk < L
0, else
where mod(nk, N) is modulus operation which returns the remainder after division of nk by N .
The value of lk varies at the beginning of each slot. The transition probability of lk is expressed
as
Pr{lk+1|lk} =
{
1, if lk+1 = mod(lk, L) + 1
0, else
The state transition of channel state is described in Fig. 3(b), and the transmission probability
of γk is
Pr{γk+1|γk, lk} =

qg1,g2 , if γk+1 = Γg2 , γk = Γg1 , lk = L
1, if γk+1 = γk, lk < L
0, else
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The transition probability of battery state is
Pr{Bk+1|Bk, Pk, Ek, xk} =
{
1, if Bk+1 = min{Bk + Ek − δk(Pk + xk), Bmax}
0, else
As energy arrives every N blocks, the energy only arrives at the beginning of each epoch. The
state transition of energy arrival state is described in Fig. 3(c), and the transmission probability
of Ek is expresses as
Pr{Ek+1|Yk, nk, lk} =

1, if Ek+1 = 0, nk < N
1, if Ek+1 = 0, lk < L
pe1,e2 , if Ek+1 = Ae2 , Yk = Ae1 , nk = N, lk = L
0, else
The value of Yk only changes after a new instance of energy arrival. The transmission probability
of Yk is expressed as
Pr{Yk+1|Yk, Ek, nk, lk} =

1, if nk > 1, Yk+1 = Yk
1, if lk > 1, Yk+1 = Yk
1, else if nk = 1, lk = 1, Yk+1 = Ek
0, else
Due to the constraints of the energy in the battery and the maximum transmit power, the
transmit power should be constrained as
0 ≤ Pk ≤ min{Bk − xk , Pmax}, (33)
where Pmax is the maximum allowed transmission power. According to Shannon’s equation,
denoted by
r(Pk, γk) = log(1 + γkPk). (34)
The objective function is set as
lim
K→∞
max
Pk,xk
1
K
E
[
K∑
k=1
r(Pk, γk)− η
K∑
k=1
δkRxk
]
, (35)
where r(Pk, γk) is the transmission rate of stage k given the transmission power Pk and the
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channel gain γk, which corresponds to the throughput in stage k, the expectation is taken over
the channel gain and the energy arrival rate; δkRxk is the amount of baseband signals transmitted
via fronthaul in slot k, i.e., the fronthaul overhead, which corresponds to the average fronthaul
rate. The optimization variable is the transmission power and the functional split mode selection,
and η is a weighting factor. We can tradeoff between the throughput and the fronthaul overhead
by adjusting η. With large η, we have stringent constraint on the average fronthaul rate. To
satisfy a given constraint of average fronthaul rate, we can iterate the weighting factor η with
algorithms such as the gradient descent method [27].
The average throughput maximization problem is formulated as an MDP, and the value iteration
algorithm can be used to find the optimal policy [28]. Every slot is treated as a stage. Denoted
by ak = {Pk, xk} the action taken in stage k. The reward function in stage k is denoted by
g(sk, ak) = log(1 + γkPk)− ηδkRxk , (36)
The objective is to minimize the average per-stage reward of the infinite horizon problem, which
is denoted by
J∗(s0) = lim
K→∞
max
pi
1
K
E
[
K−1∑
k=0
g(sk, ak)
]
, (37)
where s0 is the initial state, pi = {a0, a1, ..., aK−1} is the possible policy. Problem (37) can
be solved with value iteration algorithm. Denoted by λ the average per-stage reward, h(i) the
relative reward when starting at state i, the Bellman equation is expressed as
λ+ h(i) = max
a
{g(i, a) +
∑
j∈S
Pr{j|i, a}h(j)}, (38)
where S is the set of all possible states. Initialize h(0)(i) = 0. Given any state s, for the (b+1)-th
iteration, we have
h(b+1)(i) = max
a
{g(i, a) +
∑
j∈S
Pr{j|i, a}h(b)(j)} −max
a
{g(s, a) +
∑
j∈S
Pr{j|s, a}h(b)(j)}, (39)
note that maxa{g(s, a) +
∑
j∈S Pr{j|s, a}h(b)(j)} converges to λ. A more general iteration
formulation is
h(b+1)(i) =(1− τ)h(b)(i) + max
a
{g(i, a) + τ
∑
j∈S
Pr{j|i, a}h(b)(j)}
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−max
a
{g(s, a) + τ
∑
j∈S
Pr{j|s, a}h(b)(j)}, (40)
where 0 < τ < 1. Denote the gap between h(b+1)(i) and h(b)(i) as d(b)(i), i.e.,
d(b)(i) = h(b+1)(i)− h(b)(i). (41)
The iteration is considered as convergence when
max
i
d(b)(i)−min
i
d(b)(i) < ω, (42)
where ω is a threshold which determines the convergence speed. The detailed value iteration
algorithm is described in Algorithm 1.
Algorithm 1 Value Iteration Algorithm
Initialize b = 0, h(0)(i) = 0 for ∀i ∈ S, λ(0) = 0, select a fixed state s0
repeat
1. Update the average per-stage reward λ
λ(b+1) = max
a
{g(s0, a) + τ
∑
j∈S
Pr{j|s0, a}h(b)(j)}}.
2. Update h
h(b+1)(i) = (1− τ)h(b)(i) + max
a
{g(i, a) + τ
∑
j∈S
Pr{j|i, a}h(b)(j)} − λ(b+1)
3. Update b = b+ 1
until maxi d(b)(i)−mini d(b)(i) < ω
For the optimal online problem, the state number of the MDP model is (Bmax + 1)×Emax ×
Emax ×G×N × L, and the number of actions is (Pmax + 1)×X . The state space can be very
large if some of the elements is of large size. The value iteration algorithm may encounter curse
of dimensionality. In this case, lower-complexity algorithm is in need. In the next section, we
will first analyze the power control policy with one instance of energy arrival, based on which
a heuristic online algorithm is proposed.
V. SINGLE ENERGY ARRIVAL, CONSTANT CHANNEL GAIN
According to Proposition 2, at most two functional split modes are selected in each epoch
in the optimal offline problem. To gain some insights, we will give some intuitive results when
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there is only one instance of energy arrival, and the channel gain is constant, i.e., M = 1,
X = 2. Note that if the channel gain is averaged over an epoch, one epoch can be approximated
to have only one block, where the approximated channel gain is the average channel gain over
the epoch. For brevity, we will use θ1, θ2, p1, p2 instead of θ1,1,1, θ1,1,2, p1,1,1 and p1,1,2 in this
section, i.e., θ1 and θ2 are the corresponding transmission durations with the 2 functional split
modes, p1 and p2 are the transmission power, the amount of available energy in this epoch is
denoted by E, the epoch length is denoted by L. If there are more than two candidate functional
split modes, i.e., X > 2, we can first calculate the throughput when any two of the functional
split modes are selected (there are totally X(X−1)
2
possible combinations), and obtain the optimal
power control policy by comparing the throughput of all the possible scenarios.
If only one mode is selected, denoted by mode x, the optimal power control policy can be
obtained with “glue pouring” [19]. Given the processing power εj and channel gain γ, and
without maximum transmission duration constraint, the throughput maximization problem can
be simplified to
max
px
E
px + εx
log(1 + γpx), (43)
where px is the transmission power, and denote v∗x as the optimal transmission power obtained
by solving the optimization problem. The optimal transmission power v∗x satisfies:
(1 + γv∗x) log(1 + γv
∗
x)− γv∗x = γεx. (44)
Note that the expression on the left side of the equality is an increasing function of v∗x, the
equation has an unique solution, and v∗x increases with εx. Due to the constraints of epoch
length and average fronthaul rate, the transmission duration is limited. Denoted by θmaxx =
min{DL
Rx
, L}, which is the maximum transmission duration when only mode x is selected. When
E < θmaxx (v
∗
x + εx), the optimal power control policy is
px = v
∗
x, θx =
E
v∗x + εx
. (45)
When E ≥ θmaxx (v∗x + εx), the optimal power control policy is
px =
E
θmaxx
− εx, θx = θmaxx . (46)
Due to the average fronthaul rate constraint D, the power control policy is affected. We will
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Fig. 4. The optimal power control policy when D ≥ R1, where θ1 and p1 are represented by the width and height of the black
shadowed block with up diagonal respectively: (a) E < (v∗1 + ε1)L; (b) E ≥ (v∗1 + ε1)L.
derive the optimal power control policy under different values of D in the following part of
this section. We assume that the two modes are mode 1 and mode 2, where mode 1 has less
baseband functions at the RRU, and we thus have R1 > R2, 1 < 2.
A. D ≥ R1
When D ≥ R1, the average fronthaul rate constraint can always be satisfied, and thus only
mode 1, which has smaller processing power, is selected. When E < (v∗1 + ε1)L, the optimal
power control policy is
θ1 =
E
v∗1 + ε1
, p1 = v
∗
1, θ2 = 0, p2 = 0, (47)
as described in Fig. 4(a). When E ≥ (v∗1 + ε1)L, the optimal power control policy is
θ1 = L, p1 =
E
L
− ε1, θ2 = 0, p2 = 0, (48)
as described in Fig. 4(b).
B. R2 < D < R1
When E ≤ DL(v∗1+ε1)
R1
, if only functional split mode 1 is selected with transmission power v∗1 ,
the transmission time is E
v∗1+ε1
, where the average fronthaul rate constraint can be satisfied. Thus
the optimal power control policy is
θ1 =
E
v∗1 + ε1
, p1 = v
∗
1, θ2 = 0, p2 = 0, (49)
as described in Fig. 5(a).
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Fig. 5. The optimal power control policy when R2 < D < R1, θ1 and p1 are represented by the width and height of the
black shadowed block with up diagonal, respectively, θ2 and p2 are represented by the width and height of the red shadowed
block with down diagonal, respectively: (a) E ≤ DL(v∗1+ε1)
R1
; (b) DL(v
∗
1+ε1)
R1
< E ≤ DL(v∗3+ε1)
R1
; (c) DL(v
∗
3+ε1)
R1
< E ≤
Lv∗3 +
DL(ε1−ε2)+(R1ε2−R2ε1)L
R1−R2 ; (d) E > Lv
∗
3 +
DL(ε1−ε2)+(R1ε2−R2ε1)L
R1−R2 .
If θ1R1+θ2R2 < DL, i.e., the amount of data transmitted via fronthaul is less than the allowed
amount DL, functional split mode 2, which has larger processing power, should not be selected.
When D < R1, and E ≥ DL(v
∗
1+ε1)
R1
, if only functional split mode 1 is selected, θ1 = DLR1 , we
have θ1R1 + θ2R2 = DL. We can draw the conclusion that when E ≥ DL(v
∗
1+ε1)
R1
, there should
be θ1R1 + θ2R2 = DL. According to Proposition 1, the transmission power of the two modes
are the same, denoted by p, and thus we have θ1(p + ε1) + θ2(p + ε2) = E, the transmission
duration can be expressed as
θ1 =
(p+ ε2)DL−R2E
R1(p+ ε2)−R2(p+ ε1) , θ2 =
R1E − (p+ ε1)DL
R1(p+ ε2)−R2(p+ ε1) . (50)
The throughput is
H =
(R1 −R2)E + (ε2 − ε1)DL
R1(p+ ε2)−R2(p+ ε1) log(1 + γp). (51)
Taking the derivative of H with respect to p, we have
∂H
∂p
=
(R1 −R2) [(R1 −R2)E + (ε2 − ε1)DL]
[(R1 −R2)p+R1ε2 −R2ε1]2
×
[
γ(p+ ε2 +
R2(ε2−ε1)
R1−R2 )
1 + γp
− log(1 + γp)
]
(52)
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Let ∂H
∂p
= 0, we have
γ(v∗3 + ε2 +
R2(ε2−ε1)
R1−R2 )
1 + γv∗3
− log(1 + γv∗3) = 0, (53)
this equation is equivalent to (44), which obtains the optimal transmission power in glue pouring,
denote by v∗3 . Since
R2(ε2−ε1)
R1−R2 > 0 and ε2 > ε1, we have v
∗
3 > v
∗
1 .
When p < v∗3 , we have
∂H
∂p
> 0, the throughput increases with p. The transmission power
p should be as large as possible, while satisfying that θ1 ≥ 0 and θ2 ≥ 0. When DL(v
∗
1+ε1)
R1
<
E ≤ DL(v∗3+ε1)
R1
, the maximum transmission power p = ER1
DL
− ε1 is achieved when θ1 = DLR1 and
θ2 = 0, i.e., the optimal power control policy is
θ1 =
DL
R1
, p1 =
ER1
DL
− ε1, θ2 = 0, p2 = 0, (54)
i.e., only functional split mode 1 is selected, the transmission power increases with E, while the
transmission duration remains unchanged, as described in Fig. 5(b).
When p > v∗3 , we have
∂H
∂p
< 0, the throughput decreases with p. If DL(v
∗
3+ε1)
R1
< E ≤
Lv∗3 +
DL(ε1−ε2)+(R1ε2−R2ε1)L
R1−R2 , the transmission power can be v
∗
3 , and the transmission duration
can be obtained by solving the following equations:
θ1R1 + θ2R2 = DL, θ1(v
∗
3 + ε1) + θ2(v
∗
3 + ε2) = E. (55)
The optimal power control policy is
θ1 =
(v∗3 + ε2)DL−R2E
R1(v∗3 + ε2)−R2(v∗3 + ε1)
, θ2 =
R1E − (v∗3 + ε1)DL
R1(v∗3 + ε2)−R2(v∗3 + ε1)
, p = v∗3, (56)
as described in Fig. 5(c). With the increasing of E, the transmission power remains unchanged,
the transmission duration of functional split mode 1 decreases while the transmission duration
of functional split mode 2 increases. Note that when E = Lv∗3 +
DL(ε1−ε2)+(R1ε2−R2ε1)L
R1−R2 , the total
transmission duration is equal to the epoch length, i.e., θ1 + θ2 = L.
When E > Lv∗3 +
DL(ε1−ε2)+(R1ε2−R2ε1)L
R1−R2 , due to the epoch length constraint, we have p > v
∗
3 ,
and the transmission durations of the two functional split modes should satisfy
θ1 + θ2 = L, θ1R1 + θ2R2 = DL, (57)
i.e., θ1 = DL−R2LR1−R2 , θ2 =
R1L−DL
R1−R2 . As there is no energy waste, we have θ1(p+ε1)+θ2(p+ε2) = E,
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Fig. 6. The optimal power control policy when D ≤ R2, θ1 and p1 are represented by the width and height of the black
shadowed block with up diagonal, respectively, θ2 and p2 are represented by the width and height of the red shadowed block
with down diagonal, respectively: (a) E ≤ DL(v∗1+ε1)
R1
; (b) DL(v
∗
1+ε1)
R1
< E ≤ DL(v∗3+ε1)
R1
; (c) DL(v
∗
3+ε1)
R1
< E ≤ DL(v∗3+ε2)
R2
;
(d) E > DL(v
∗
3+ε2)
R2
.
i.e., the optimal power control policy is
θ1 =
DL−R2L
R1 −R2 , θ2 =
R1L−DL
R1 −R2 , p =
E
L
− D(ε1 − ε2)
R1 −R2 −
R1ε2 −R2ε1
R1 −R2 , (58)
as described in Fig. 5(d). With the increasing of E, the transmission durations of both functional
split modes stay unchanged, while the transmission power increases.
C. D ≤ R2
When D ≤ R2, the derivation of the optimal transmission power control policy is similar to
the analysis in Section V-B.
When E < DL(v
∗
1+ε1)
R1
, the optimal power control policy is
θ1 =
E
v∗1 + ε1
, p1 = v
∗
1, θ2 = 0, p2 = 0, (59)
as described in Fig. 6(a).
When DL(v
∗
1+ε1)
R1
< E ≤ DL(v∗3+ε1)
R1
, the optimal power control policy is
θ1 =
DL
R1
, p1 =
ER1
DL
− ε1, θ2 = 0, p2 = 0, (60)
as described in Fig. 6(b).
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When DL(v
∗
3+ε1)
R1
< E ≤ DL(v∗3+ε2)
R2
, the optimal transmission power v∗3 can be achieved, and
the optimal power control policy is
θ1 =
(v∗3 + ε2)DL−R2E
R1(v∗3 + ε2)−R2(v∗3 + ε1)
, θ2 =
R1E − (v∗3 + ε1)DL
R1(v∗3 + ε2)−R2(v∗3 + ε1)
, p = v∗3, (61)
as described in Fig. 6(c).
When E > DL(v
∗
3+ε2)
R2
, due to the average fronthaul rate constraint, the transmission duration is
limited, we have p > v∗3 . As the throughput H decreases with p, the transmission power p should
be as small as possible. Functional split mode 2, which has smaller fronthaul rate requirement
is selected, and the optimal power control policy is
θ1 = 0, p1 = 0, θ2 =
DL
R2
, p2 =
ER2
DL
− ε2, (62)
as described in Fig. 6(d).
VI. HEURISTIC ONLINE POLICY
In each block, if the available amount of energy in the battery E, the transmission deadline
T , the channel gain γ and the average fronthaul rate D are accurately estimated, the optimal
transmission policy can be easily obtained, according to the analyses in Section V. Due to the
energy constraint, only blocks with good channel states are used for transmission to improve the
energy efficiency. On the other hand, to avoid energy waste introduced by the limited battery
size, we prefer to use all energy in the battery before the end of each epoch. In fact, because
only blocks with good channel states are used for transmission, the energy can flow to the next
epoch if there is no block with good channel states in the current epoch, which guarantees that
energy is used in blocks with good channel states.
To simplify the expression, we define a function f as:
[θ,p] = f(E, T, γ,D), (63)
where θ = [θ1, θ2, · · ·, θX ], θx is the optimal transmission duration that functional split mode x
is selected, p = [p1, p2, · · ·, pX ], and px is the optimal transmission power when functional split
mode x is selected. We then propose a low-complexity heuristic online algorithm.
The detail algorithm is described in Algorithm 2. We evaluate the transmission policy at the
beginning of each block, denoted by block n without losing generality. The RRU transmits only
when the channel state is good, i.e., the channel gain is larger than a threshold denoted by γth.
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Algorithm 2 Heuristic Online Policy
Initialize B0 = 0, D0 = 0
for n = 1, 2, ..., do
1. Update the energy state B(n−1)L+1 = B(n−1)L + E(n−1)L+1
2. Get the expected number of blocks with good channel states in the current epoch Ngood,
and the average channel gain γavg
3. Update the average fronthaul rate constraint
dn =
(n+ nheu)D −Dn−1
Nheu
4. Get the power control policy, with B(n−1)L+1, Ngood, γavg, dn and thus the value of the
function in (63)
5. Transmit with the power control policy θ and p, update the battery state and the
cumulative amount of data transmitted via fronthaul
BnL = B(n−1)L+1 −
X∑
x=1
θx(px + x), Dn = Dn−1 +
X∑
x=1
θxRx
end for
At the first step, evaluate the amount of energy in the battery B(n−1)L+1, which can be obtained
with the remaining energy in the battery at the end of the last block B(n−1)L, and the arrived
energy in this block, E(n−1)L+1. We have B(n−1)L+1 = B(n−1)L + E(n−1)L+1.
At the second step, update the expected number of blocks in the remaining time of the epoch
with good channel states, denoted by Ngood, and the average channel gain, denoted by γavg, which
can be obtained according to the distribution of the channel gain. Denoted by Pr{n, nv, w} the
probability that there are nv blocks with state v in the next n blocks, and the channel state in
the n-th block is w. We have
Pr{n+ 1, nv, y} =
∑
w
Pr{n, nv, w}qw,y, y 6= v, (64)
Pr{n+ 1, nv + 1, v} =
∑
w
Pr{n, nv, w}qw,v. (65)
Given the channel state w of the first block, if w = v, we have Pr{1, nv = 1, w} = 1,
and Pr{1, nv, y} = 0 for the other parameters; if w 6= v, we have Pr{1, nv = 0, w} = 1,
and Pr{1, nv, y} = 0 for the other parameters. With the initial iteration values and the it-
erative formula, we can get the distribution of the number of blocks with channel state v,
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i.e.,
∑
w Pr{Nr, nv, w}, in the remaining Nr blocks. With distributions of the number of blocks
with each channel state, the expected number of blocks with good channel states can be easily
obtained.
At the third step, update the average fronthaul rate constraint, denoted by dn. We guarantee
that the data amount transmitted via fronthaul does not exceed nLD from block 1 to block n.
Denote the total amount of transmitted data in the first n blocks as Dn. To guarantee that the
average fronthaul rate constraint in the first n+ nheu blocks, the amount of data transmitted via
fronthaul in the next nheu blocks should not exceed (n+nheu)D−Dn−1, where nheu is a constant
number of blocks used in the heuristic algorithm. In the next nheu blocks, the expected number
of blocks with good channel states is denoted as Nheu. The average fronthaul rate constraint is
estimated as dn =
(n+nheu)D−Dn−1
Nheu
.
At the fourth step, get the power control policy including the transmission duration θ and the
transmission power p, with function (63).
At the fifth step, transmit with the policy, update the energy in the battery at the end of the
block, and the amount of data transmitted via fronthaul in the first n blocks, i.e.,
BnL = B(n−1)L+1 −
X∑
x=1
θx(px + x), Dn = Dn−1 +
X∑
x=1
θxRx. (66)
VII. NUMERICAL RESULTS
We consider the downlink transmission of an energy harvesting RRU, where the baseband
processing is according to the LTE protocol, as shown in Fig. 1. The baseband functions at the
RRU and the BBU are realized with general purpose processors via function virtualization. Three
candidate functional split modes are considered, including: mode 1, which splits between RF
and IFFT, is the classical CPRI functional split; mode 2, which splits between resource mapping
and precoding, is a reference split by eCPRI [29]; mode 3, which splits between RLC and PDCP,
is a reference split by 3GPP. The RRU has one antenna, one carrier component, the bandwidth
of the air interface is set as 20MHz, and the sampling rate is 30.72 MHz. We assume that there
is only 1 user per TTI, occupying all PRBs. The highest modulation order is 64QAM. When
the RRU works in different functional split modes, the corresponding required fronthaul rates
are R1 = 983Mbps, R2 = 466Mbps and R3 = 151Mbps, respectively [4]. The corresponding
processing powers of the RRU are ε1 = 2W, ε2 = 4W, ε3 = 5W respectively, according to the
downlink power model in [6].
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We assume that each slot lasts 10 seconds, and set that each block has L = 4 slots, each epoch
has N = 2 blocks. The RRU is powered with renewable energy. The harvested energy can be
used after being stored in the battery with capacity Bmax = 1000J. The initially stored energy
in the battery is 0 J. Without loss of generality, we assume that the energy arrival is a Poisson
process, which can be used to model the solar panel or wind generation [30], The distribution
of the amount of arrived energy in each epoch is
Pr{Em = ANL} =
EAavg
A!
e−Eavg , (67)
where Eavg is the average energy arrival rate normalized by the number of slots in each epoch.
We consider the channel gain between each user and the RRU follows Rayleigh channel
distribution, with average channel gain γavg = 2/W. The channel gain is discrete into G = 4
consecutive intervals without overlapping, and the probability that the channel gain is in each
interval is 1
G
. The channel gain in each interval is represented by its average value, denoted the
channel gain in the g-th interval by γg. Assume the channel gain of different users are i.i.d., the
best channel gain of the users in each block γbest follows:
Pr{γbest = γg} =
( g
G
)U
−
(
g − 1
G
)U
, 1 ≤ g ≤ G, (68)
where U is the number of users. We consider the scenario where U = 2, and the corresponding
probability of each interval is [ 1
16
, 3
16
, 5
16
, 7
16
].
We first study the offline throughput maximization problem. The solution obtained with
continuous variables is denoted by the ‘upper bound’, and the solution after rounding is denoted
by ‘relax and round’. The relationship between the throughput and the average fronthaul rate is
presented in Fig. 7 and Fig.8 with ‘relax and round’ and optimal online policy when Eavg = 5W,
respectively. We can see that the throughput grows rapidly with the average fronthaul rate when
the fronthaul rate is small, and the growth slows down when the fronthaul rate gets large. When
the average fronthaul rate is small, the performance of fixing functional split mode as mode 3
can achieve similar performance with the flexible functional split, because fronthaul is the main
constraint in this scenario. When the average fronthaul rate is large, fixing functional split mode
as mode 1 can achieve close performance with the flexible functional split, because the energy is
the main constraint in this scenario, and functional split mode 1 requires the lowest processing
power.
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Throughput of the ‘upper bound’, the ‘relax and round’, optimal online policy and heuristic
online policy are compared in Fig. 9. We can see that the ‘relax and round’ has close performance
with the ‘upper bound’, which means that “relax and round” performs very close to the optimal
solution. The heuristic online policy has similar performance with the optimal online policy. The
heuristic online policies with fixed functional split mode are adopted as baselines to show the
benefit of flexible functional split, as shown in Fig. 10. We can see that with flexible functional
split, the heuristic online policy have better performance than any fixed functional split mode.
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Fig. 7. Comparison of the ‘relax and round’ with flexible
functional split and fixed functional split under different
average fronthaul rate constraints.
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Fig. 8. Comparison of the online policies with flexible
functional split and fixed functional split under different
average fronthaul rate constraints.
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Fig. 9. Comparison of the ‘upper bound’, the ‘relax and
round’, optimal online policy and heuristic online policy
under different average fronthaul rate constraints.
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Fig. 10. Comparison of the heuristic online policies with
flexible functional split and fixed functional split under
different average fronthaul rate constraints.
28
To show the effects of the energy arrival rate Eavg, the relationship between the average
throughput and the energy arrival rate is given in Fig. 11, where the average fronthaul rate
constraint is 360Mbps. The throughput increases with the energy arrival rate, for both the flexible
functional split and the functional split with fixed mode. When the energy arrival is small, the
throughput increases approximate linearly with the energy arrival rate. Because in this scenario,
the time used for transmission is short, and the energy is the main constraint, rather than the
average fonthaul rate and the channel states. However, due to the constraints of average fronthaul
rate, functional split modes with smaller fronthaul rate requirement should be selected if longer
transmission time is needed, which means the processing power is larger. On the other hand, the
number of blocks with good channel states is limited, which means that the available transmission
time with good channel states is limited. When the energy arrival rate is large, the increasing of
throughput slows down due to the average fronthaul rate constraint and the limited number of
blocks with good channel states. With flexible functional split, the throughput is larger compared
with the fixed functional split modes.
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Fig. 11. Comparison of the ‘relax and round’ with flexible
functional split and fixed functional split under different
energy arrival rate.
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flexible functional split under different battery size.
The relationship between the average throughput and the energy arrival rate with flexible
functional split is given under different battery sizes in Fig. 12. We can see that when the energy
arrival rate is small, the throughput with different battery sizes are almost the same. When the
energy arrival rate is large, a small battery size leads to a larger probability of energy overflow,
and less energy can transfer among different epochs, which results in a smaller throughput.
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VIII. CONCLUSIONS
In this paper, we have studied the selection of the optimal functional split modes, and the
corresponding transmission duration and transmission power with each mode, to maximize the
throughput given the average fronthaul rate in C-RAN with renewable energy powered RRU.
The optimal offline policy has the property that at most two modes should be selected in each
epoch, and the sum of the transmission power and the reciprocal of the channel gain are the
same for the selected functional split modes. Numerical results show that with flexible functional
split, the throughput can be notably improved compared with any mode with fixed functional
split. To deal with the curse of dimensionality of the online MDP problem, We derive the closed-
form expression of the optimal power control policy in the scenario with one instance of energy
arrival and two candidate functional split modes. We then propose a heuristic online algorithm,
and numerical results show that the proposed heuristic online policy has similar performance
with the optimal online policy. In the future, the optimal policy with multiple carriers will be
explored, and we will further study the scenarios with multiple RRUs and random packet arrivals.
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